Inflammatory bowel disease (IBD) results from aberrant immune stimulation against a dysbiotic mucosal but relatively preserved luminal microbiota and preferentially affects males in early onset disease. However, factors contributing to sex-specific risk and the pattern of dysbiosis are largely unexplored. Core 1 β3GalT-specific molecular chaperone (Cosmc), which encodes an X-linked chaperone important for glycocalyx formation, was recently identified as an IBD risk factor by genome-wide association study. We deleted Cosmc in mouse intestinal epithelial cells (IECs) and found marked reduction of microbiota diversity in progression from the proximal to the distal gut mucosa, but not in the overlying lumen, as seen in IBD. This loss of diversity coincided with local emergence of a proinflammatory pathobiont and distal gut restricted pathology. Mechanistically, we found that Cosmc regulates host genes, bacterial ligands, and nutrient availability to control microbiota biogeography. Loss of one Cosmc allele in males (IEC-Cosmc -/y ) resulted in a compromised mucus layer, spontaneous microbe-dependent inflammation, and enhanced experimental colitis; however, females with loss of one allele and mosaic deletion of Cosmc in 50% of crypts (IEC-Cosmc +/− ) were protected from spontaneous inflammation and partially protected from experimental colitis, likely due to lateral migration of normal mucin glycocalyx from WT cells over KO crypts. These studies functionally validate Cosmc as an IBD risk factor and implicate it in regulating the spatial pattern of dysbiosis and sex bias in IBD.
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Cosmc | IBD | inflammation | microbiota | sex I nflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), is a devastating disease that affects 1.6 million people in the United States. Symptoms include abdominal pain, diarrhea, rectal bleeding, and growth failure. Severe cases require bowel resection, with current treatments aimed at management rather than cure. Mechanistically, immune hyperactivation to gut bacteria damages the intestine. Early onset or pediatric IBD (<15 y old) occurs in 10-20% of patients and is a model to understand genetic contributions to disease (1) . CD and possibly UC in patients <15 or <8 y old, respectively, preferentially affects males (male:female is ∼1.5:1 for CD), indicating that genetic factors, such as risk genes on the X chromosome, may explain this sex bias and provide new insights into disease mechanisms and targets (1) .
The gut microbiota can contribute to IBD with changes in community structure and functional capacity (2) . Normally, the bacterial distribution and composition vary greatly from ∼10 11 to 10 12 cells per g within the ascending colon, to ∼10 7 to 10 8 in the distal ileum, and ∼10 2 to 10 3 in proximal ileum and jejunum (2) . Specific members of the microbiota may occupy a planktonic niche, free-living in the luminal fecal stream, or adherent to the mucosa (3). The distinct geographical and ecological niches in the intestine (biogeographies) expand microbial metabolic potential and help maintain diversity in a competitive ecosystem (3) . A recent study of pediatric IBD identified a dysbiotic microbiota in the intestinal mucosa but not in the lumen, suggesting that specific factors regulate the gut microbe biogeography in the healthy intestine and that these factors are altered in IBD (4). Nevertheless, no IBD risk genes are known to regulate gut microbe biogeography or the pattern of dysbiosis in patients.
Core 1 β3GalT-specific molecular chaperone (Cosmc) on the X chromosome encodes a chaperone for the T-synthase glycosyltransferase that extends O-glycans on >80% of secretory pathway proteins to form the glycocalyx and mature mucins (Fig.  1A ) (5) (6) (7) . Cosmc was implicated in sex-specific risk in Crohn's and UC by genome-wide association study (8) ; however, its functional role in the intestine and IBD is unexplored. To address its role, we deleted Cosmc in mouse intestinal epithelial cells (IECs). Loss of one allele in male mice (IEC-Cosmc -/y ) led to spontaneous inflammation, enhanced experimental colitis, and altered microbe biogeography, as seen in IBD. Significantly,
Significance
Inflammatory bowel disease (IBD) is a devastating illness that affects 1.6 million people in the United States and disproportionately affects males in early onset disease. However, IBD genes that contribute to sex-specific risk are unexplored. The gut microbiota interfaces the host with its environment and exhibits alterations in spatial organization in IBD with dysbiosis in the mucosa but a relatively unaffected lumen. Core 1 β3GalT-specific molecular chaperone (Cosmc) was recently identified as an IBD risk gene on the X chromosome by genome-wide association study. We functionally evaluated Cosmc in IBD and discovered that the loss of Cosmc leads to gut inflammation in males but not females and a spatial pattern of dysbiosis resembling IBD. Thus, Cosmc contributes to sex bias in IBD and spatially regulates the gut microbiota.
female mice with loss of one allele (IEC-Cosmc −/+ ) were protected from spontaneous inflammation and partially protected from experimental colitis, despite complete KO of Cosmc in ∼50% of crypts (due to random X inactivation). Thus, Cosmc is an IBD risk gene that regulates microbe biogeography and disproportionately affects males. S1A ) at Mendelian ratios (n = 500, P χ2 = 0.17). We confirmed nearcomplete loss of Cosmc protein (Fig. 1B) and T-synthase activity ( Fig. 1C ) in purified IECs from male KOs and ∼50% loss in female mosaics. Cosmc loss led to >90% expression of the Tn (Fig.  1D) and STn (Fig. S1B ) truncated O-glycans by IHC (Fig. 1A ) in colorectum and small intestine in male KOs and ∼50% expression in female mosaics with patches of Tn/STn(+) crypts and Tn/STn(−) crypts, as predicted from random X inactivation of Cosmc (7).
Results
To examine whether glycan truncation results in loss of terminal epitopes, including known bacterial nutrients and ligands (9), we assessed terminal α1,2-linked fucose and sulfates/sialic acids with UEA-I and alcian blue (AB), respectively. WT colon and ileum IECs strongly bound UEA-I (Fig. 1E) and AB (Fig. S1C) , and UEA-I was specific because it was blocked by free fucose (Fig. 1E,  Inset) . In contrast, male KO crypts lost binding to UEA-I and AB, and female mosaic crypts partially lost binding in patches. Unexpectedly, both male KOs and female mosaics retained binding of UEA-I and AB in the proximal colon ( Fig. 1E and Fig. S1C ). Thus, Cosmc differentially regulates expression of terminal epitopes of the glycocalyx in different regions of the gut that are lost in the distal colon of male KOs.
We next assessed the consequence of Cosmc deletion and glycocalyx loss in the intestine, which results in profound pathology when deleted in other tissues (7, 10) . Beginning at 3 mo of age, male KOs exhibited multiple signs of inflammation, including weight loss ( Fig. 2A and Fig. S2A ), elevated stool index (stool softness, blood in the stool) ( Fig. 2B and Fig. S2B ), rectal prolapse (RP) in ∼40% of mice ( Fig. 2C and Fig. S2C ), inflammatory infiltrates limited to the distal colon (Fig. S2D) lipocalin-2, an inflammatory biomarker (11) (Fig. 2D) . Notably, RP alone did not drive inflammation, because male KOs with or without RP both had weight loss and an elevated stool index (Fig. S3 ).
To further evaluate inflammation, we analyzed cell proliferation, which can increase by an uncontrolled injury-repair cycle or through immune drivers (12) . Before the development of RP, male KOs showed histologic evidence of mucosal regeneration in the distal colon (Fig. S4 ) characterized by crypt elongation (154.7 ± 5.5 μm in WT versus 384.3 ± 28.1 μm in KO, mean ± SE) (Fig. S4A), epithelial hyperplasia (Fig. S4B) , and increased mitoses and Ki67 proliferation indices (Fig. S4B) . Other regions of the small and large bowel were unaffected, showing that loss of Cosmc in male KOs leads to spontaneous inflammation that is unexpectedly localized to the distal colon.
O-glycans, dependent on Cosmc, account for 80% of MUC2's mass and, thus, may be important for its function (13) . To explore a possible mechanism for spontaneous inflammation (14), we preserved the mucus layer with Carnoy's fixative and analyzed mucus integrity in the distal colon with immunofluorescence (IF) (Fig. 2E ), AB staining ( Fig. S1 C and D) , and a 16S universal fluorescence in situ hybridization (FISH) probe against bacteria (Fig. S5) . WT mice contained a thick, stratified AB(+) (Fig. S1 C and D) and MUC2(+) inner mucus layer that separated the DAPI(+) luminal contents (15) (Fig. 2E , Top, box) and FISH(+) bacteria ( Fig. S5 A and B) from the epithelia. In contrast, male KOs showed thinning, fragmentation, and/or absence of this layer ( (Fig. S1D) , resulting in direct bacterial-epithelial contact, including helical-shaped bacteria nearing or contacting superficial colonocytes (Fig. S5A, bottom two arrows) . Thus, Cosmc is required to form an intact mucus layer in the distal colon.
No Spontaneous Inflammation in Female Mosaic Mice. KO males with loss of one allele have near complete loss of Cosmc throughout the intestinal tract. To understand how the loss of one allele affects mosaic females, we assessed inflammation. We expected to see an intermediate level of inflammation, because ∼50% of crypts lack Cosmc and the mucin glycocalyx. Surprisingly, we found no difference between female mosaic and control mice in multiple metrics of inflammation [body weight ( Fig. 2A) , stool index (Fig. 2B) , RP (Fig. 2C) , fecal lipocalin-2 levels (Fig. 2D) , and IEC proliferation (Fig. S4B) ], indicating that female mosaic mice were protected from inflammation.
To determine the mechanism, we fixed distal colons from female mosaic mice with Carnoy's and performed IF (Fig. 2E) , AB staining ( Fig. S1 C and D) , and FISH ( Fig. S5 B and C) to identify STn(+) KO cells, AB(+) WT cells, and their products in a female mosaic colon. In contrast to male KOs, female mosaic mice had a continuous, intact MUC2(+) mucus layer that covered both KO and WT cells, clearly separating luminal contents (Fig. 2E , Middle, box) and bacteria ( Fig. S5 B and C) from the epithelium. Mechanistically, STn(+) KO MUC2 (Fig. 2E and Fig. S5 ) and AB(+) WT MUC2 (Fig. S1 C and D) formed a continuous layer over both WT and KO crypts, indicating that WT MUC2 intermixed with KO MUC2 to form an intact mucus layer. Thus, local disruptions in Cosmc do not result in spontaneous inflammation because adjacent crypts are able to produce WT MUC2 that diffuses laterally over the crypt surface to protect KO cells.
To further investigate the extent of WT Cosmc compensation in female mosaic mice, we induced colitis with a 4-d course of 2.5% (wt/vol) dextran sulfate sodium (DSS) in drinking water and assessed body weight and disease activity index (average of body weight change, blood in stool, and stool softness) in male KO, female mosaic, and control mice (Fig. 3) . Male WTs were largely unaffected by DSS treatment, but male KOs exhibited profound weight loss (Fig. 3A) and rise in disease activity index (DAI) (Fig. 3B) throughout the acquisition and recovery phase, necessitating euthanasia in all of the male KOs but none of the controls (Fig. 3C) (Fig. 3D) . Female mosaics had less severe colitis than male KOs that did not differ from female WTs in the acquisition phase but had enhanced colitis in the recovery phase (Fig. 3 E  and F) . Notably, fecal lipocalin-2 from female mosaics remained elevated for at least 18 d in contrast to female WTs that recovered by day 11 (Fig. 3G) . Although we could only generate a few KO females (Vil-Cre + ;Cosmc f/f ) precluding statistical analysis, we saw RP and histologic inflammation in one of these mice, and WT females had more severe DSS colitis than WT males, arguing that WT females are not inherently protected from gut inflammation (16) . These data suggest that the apparently normal mucus layer in female mosaic mice is able to protect from spontaneous inflammation and enhanced acquisition of colitis seen in male KOs, but once DSS disrupts the mucus barrier that Fig. 3 . DSS colitis in KO and mosaic mice. KO (A-D), mosaic (E-G), and WT mice (A-G) were treated with 2.5% DSS for 4 d and then switched to drinking water. Body weight (A and E), disease activity index (% weight change, stool softness, blood in stool) (B and F), survival (Mantel-Cox test) (C), histology (D), and fecal lipocalin-2 (G) were measured. n = 9 mice per group, age 3 mo (A-C); n = 6 KO, 9 WT, killed on day 8 and the percent normal, eroded, and ulcerated epithelia on H&E-stained CR was quantified (D); n = 5-6 mice per group, age 3 mo (E-G): repeated two independent times, one representative experiment shown (E and F) or pooled data (G); *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 from ANOVA with Sidak's post hoc test for multiple comparisons (A, B, and D-F) or MannWhitney (G); 0.05 < P < 0.1 listed; mean ± SE (A, B, and D-G) .
developed in the absence of bacteria, WT MUC2 is unable to protect KO cells that have now contacted bacteria of an adult gut for the first time, resulting in prolonged inflammation.
Microbes Drive Inflammation. To assess whether microbes drive inflammation, we treated male KO and WT mice with neomycin, metronidazole, vancomycin, ampicillin (NMVA) antibiotics for 4 wk. Antibiotics depleted bacteria to undetectable levels (Fig. S6) , resulting in normalization of fecal lipocalin-2 to WT levels (Fig.  4A ) and partial normalization of IEC proliferation (Fig. 4 B and  C) . We then examined whether inflammation was transmissible by fecal-oral route (17) . Clinical signs of inflammation (stool index, body weight) were similar between WTs housed with other WTs or WTs housed with KO males (Fig. S3) . Interaction of the microbiota with small intestine epithelia induces fecal IgA (18) . However, fecal IgA levels were equivalent in 3-to 5-mo-old male KO and WT mice (Fig. S7) . Collectively, these data show that whereas microbes drive inflammation in male KOs, the inflammation is not transmissible by coprophagy nor associated with a change in fecal IgA.
Regional Changes in the Microbiota. Distal gut localized pathology led us to ask whether we could identify proinflammatory microbes or regional changes in microbiota community structure. We sequenced the V4 region of 16S rRNA gene from multiple luminal and mucosal regions from ∼2-mo-old male KO and WT mice (Fig. 5) to identify changes that precede clinical signs of inflammation. Composition of the microbiota from control mice compared well with previous reports, including greater abundance of Bacteroidiales in the lumen versus mucosa of the colon (3).
Male KOs had a dramatic loss of diversity in the colonic mucosa, as indicated by a loss of comparative taxonomic representation at both the order (Fig. 5A) and genus (Fig. 5B ) levels. Notably, male KOs had an 11-fold loss of the Bacteroidiales (42.0 ± 7.1% in WT to 3.8 ± 1.2% in KO, mean ± SE), including a 20-fold loss of Bacteroides (16.7 ± 9.5% in WT to 0.8 ± 0.2% in KO, mean ± SE), coinciding with markedly increased representation of Helicobacter (28.1 ± 11.6% in WT to 79.2 ± 3.3% in KO, mean ± SE), a proinflammatory pathobiont.
We next examined whether similar changes were observed along the mucosal-luminal and cephalo-caudal axis. Unexpectedly, no changes were found in the luminal contents directly overlying the colonic mucosa or in the mucosa of the ileum. Our functional data support the sequencing results: (i) Distal gut localized pathology corresponds to the site of dysbiosis; (ii) inflammation was not transferrable by coprophagy as predicted by an unaffected lumen; and (iii) IgA levels, regulated by the SI microbiota, were similar in male KO and WT mice along with a normal SI microbiota. Collectively, these results demonstrate that Cosmc differentially regulates the microbiota in different regions of the gut.
To identify host pathways that may contribute to regional changes in the microbiota, we isolated colorectal (CR) and small intestine (SI) epithelia from ∼2-mo-old male WT and KO mice, before clinical inflammation and at the same age as 16S sequencing, and analyzed transcripts with Illumina Mouse-Ref v2.0 gene chip array (n = 4 mice/group per region) ( (Fig. S8E) important for regulating the microbiota were altered in CR versus SI. These data suggest that Cosmc differentially regulates gene expression in different regions of the gut to help control microbial biogeography.
Discussion
Here, in a report of IEC-specific deletion of Cosmc in mice, we have provided insight into whether the IBD risk gene Cosmc functionally contributes to IBD and sex bias in pathology. Deleting one allele of Cosmc in males resulted in the loss of T-synthase activity and O-glycan extension, compromising the mucus layer, epithelial glycoproteins, and downstream host pathways important for maintaining homeostasis of the gut and its microbiota. Ultimately these direct and indirect effects led to dysbiosis and bacterial-epithelial contact, resulting in spontaneous inflammation and enhanced experimental colitis.
Unexpectedly, the loss of one allele of Cosmc in females did not induce spontaneous inflammation, despite Cosmc KO and glycocalyx loss in 50% of crypts. Normally, the colonic mucus has an apparently attached sterile inner layer and an outer loose layer occupied by bacteria (27) . Although prior work hypothesized that the inner layer covalently links to goblet cells (27) (28) (29) (30) , we found that MUC2 from WT cells migrates over multiple crypts to cover and protect KO cells while maintaining bacterial-epithelial separation. Thus, cohesive/adhesive forces may be more important than mucus-goblet cell linkages in attaching the inner mucus layer to the epithelia, and covalent linkage may not be required to maintain a sterile inner mucus layer in female mosaic mice.
We also made the surprising discovery that Cosmc spatially regulates the gut microbiota, but in a regio-specific manner. Deletion of Cosmc throughout the intestine led to a loss of diversity in the colonic mucosa, but not in the overlying lumen or small intestine mucosa. Similarly, loss of Bacteroides, reduced mucosal diversity, and a dysbiotic mucosal but relatively preserved luminal microbiota are seen in human IBD (4, 31) . Mechanistically, our results indicate that nutrient selection, host genes, and bacterial adhesion function to establish the microbial gradient via Cosmc. In the mucosal-luminal axis, we found that the host glycocalyx, dependent on Cosmc, selects commensals in the mucosa despite a diet rich in polysaccharides, but not in the lumen (32) . This finding contrasts with the conventional view that bacteria only rely on host glycans following dietary polysaccharide depletion and suggests that dietary polysaccharides may prevent migration of a dysbiotic mucosal microbiota to the lumen and subsequent fecal-oral transmission (32, 33) . In the cephalo-caudal axis, we found that Cosmc differentially controls host genes in the small versus large bowel by indirect mechanisms downstream of altered glycoproteins to spatially regulate the microbiota and facilitates expression of host ligands for bacteria by directly regulating glycocalyx synthesis. These ligands select commensals in the slow transit times of the colon but not in the small intestine (34) . Our data functionally validate Cosmc as an IBD risk gene that spatially regulates the gut microbiota and contributes to sex bias in pathology and sets the stage to evaluate the interaction of Cosmc, the glycocalyx, and the gut microbiota in human IBD.
Methods
Mice. Cosmc f/+ females (7) were crossed with B6.SJL-Tg(Vil-cre)997Gum/J transgenic males from Jackson Laboratory. All mice were backcrossed to C57BL/6J for at least 10 generations. All studies adhered to approved Institutional Animal Care and Use Committee (IACUC) protocols (Emory University). Mouse genotypes were determined by PCR with primer for Vil-Cre (F: 5′GTGTGGGAC AGAGAA-CAAACC, R: 5′ACATCTTCAGGTTCTGCGGG) and Cosmc flox (F: 5′GCAACA CAAA-GAAACCCTGGG, R: 5′TCGTCTTTGTTAGGGGCTTGC).
Immunoblot. Epithelia were purified (35) and immunoblots performed (36) with antibodies against Cosmc (C4; Santa Cruz) and actin (H-10; Santa Cruz).
Enzyme Assays. Enzyme activity assays for T-synthase and mannosidase were performed as described (36) .
Tissue Staining. Intestine was dissected and prepared by swiss-roll [formalinfixed, paraffin-embedded (FFPE), distal portion of segment in center] for staining with monoclonal antibodies against Tn (CA3638, a kind gift from the late Georg Springer, University of Health Sciences/The Chicago Medical School, North Chicago, IL) and STn (TAG72, B72.3; Santa Cruz) antigens by immunohistochemistry (7) . For mucus analysis, Carnoy's was used to preserve the mucus layer and tissues were stained with PAS/Alcian Blue; MUC2 (sc-15334, H-300), STn (TAG72, B72.3; Santa Cruz), UEA-I (B-1065; Vector Laboratories), and DAPI; or with a universal fluorescent in situ hybridization probe against bacteria (37) . Crypt length in colon or crypt-villus length in small intestine was measured on H&E swiss-rolled, FFPE sections as described in the legends for Fig. 4 and Fig. S4 .
ELISA. ELISAs for lipocalin-2 were performed as instructed (R&D, DuoSet) and for fecal IgA as described (38) . DSS Colitis. DSS (2.5%; Affymetrix) was administered in drinking water to mice for 4 d before switching to autoclaved drinking water. Body weight, stool softness, and blood in the stool (Hemoccult SENSA; Beckman Coulter) was assessed daily. DAI was determined by averaging score for %body weight change [no loss (0), 1-5% (1), 5-10% (2), 10-20% (3), >20% (4)], stool consistency (hard (0), soft (2), diarrhea (4)], and blood [negative (0), positive (2), macroscopic (4)]. Histology was assessed on H&E-stained swiss-roll of colorectum from FFPE sections. Aperio digital microscope was used to measure CR length and length of ulcerated (complete loss of crypt architecture with inflammatory infiltrate) and eroded (partial loss of crypt architecture with inflammatory infiltrate) epithelia. Mortality was determined in mice whose body weight dropped >25%, necessitating euthanasia per Emory IACUC guidelines.
Microbiota. Intestines were removed and dissected longitudinally. Fecal pellet was collected from distal colon for analysis. Otherwise, feces were gently removed and tissue was collected from distal colon and ileum for analysis of mucosal-associated bacteria. V4 region of rRNA gene was amplified by PCR and sequenced by MiSeq (Illumina). Taxonomic divisions were determined by MacQIIME (39) . Antibiotics (NMVA) were administered as described (40) . Feces were cultured on LB in aerobic conditions to confirm elimination of microbiota.
Gene Expression. Intestinal epithelia were purified (35) and total RNA isolated by RNeasy (Qiagen) with RNA quality and purity assessed by Agilent BioAnalyzer and nanodrop, respectively. University of California, Los Angeles (UCLA) genomics core performed RNA amplification and hybridization on Illumina mouse ref 8 v2.0 expression chips. Individual genes with fold change > 1.5 and FDR < 0.05 were determined by significance analysis of microarrays. GSEA for disease pathways and Gene Ontology (GO) processes (Metacore, only relevant findings included) and gene networks (Ingenuity Pathway Analysis) were determined. Data were deposited in Gene Expression Omnibus under accession no. GSE84416. (A and B) The microbiota was harvested from the gut lumen (distal colon) and mucosa (distal colon, ileum) from KO and WT mice for amplification of the V4 region and 16S rRNA gene sequencing (n = 7-8 mice per group, 2 mo old). Microbiota composition at the order (A) and genus (B) levels were plotted for all regions. Only colon mucosa contained significantly altered taxa (indicated with asterisks); ****P ≤ 0.0001 from two-way ANOVA with Sidak post hoc test for multiple comparisons.
